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In this work, the method of determination of the slow-neutron fluence rate using a gamma-ray spec-
troscopy with a high-purity germanium detector (HPGe) and Monte Carlo calculations was presented.
The prompt gamma rays with energies of 595.9, 867.9, and 1204.2 keV, originating from the nuclear
reaction 73Ge(n, γ)74Ge in the germanium crystal of the HPGe detector, were registered. A special
system composed of two neutron sources (Cf-252, PuBe), a lead shield and a HPGe detector was made
to find correlations between net areas of the peaks from these prompt gamma rays in the measured
spectra and the fluence rate of slow neutrons getting to the germanium crystal. The net areas of the
peaks were related to the slow-neutron fluence rate using the Monte Carlo calculations based on the
GEANT4 code. The presented method using the gamma-ray spectroscopy can be applied in laborato-
ries which do not have detectors for neutron measurements.
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1. Introduction
Technological progress leads to the prevalence of
devices using radioactive sources or producing ion-
ization radiation. Various types of radiation are
commonly applied in industry, in radiotherapy and
nuclear medicine, as well as in many scientific lab-
oratories. The use of ionization radiation requires
a parallel application of specialist equipment suit-
able for measurements of this radiation. Typi-
cal equipment is usually limited to gamma, beta,
and possibly alpha radiation. The measurement of
neutrons often poses a problem since the majority
of laboratories do not have detectors for neutron
measurement.
However, neutrons are often a secondary radia-
tion unwanted in industrial, medical and scientific
activities [1–6]. Neutrons can induce nuclear reac-
tions with a production of many radioisotopes [7, 8],
leading to radiation damages in microelectronics
which often translates into financial losses. This
problem is particularly important for oncological
patients with an implanted cardiac device when
treated by high-energy photon radiotherapy. Any
damages to such devices due to radiation may cause
their malfunctioning [9, 10] and, consequently, pose
a serious threat to patients’ lives. Moreover, the
neutrons can burden medical workers and patients
with an additional dose, also from radiation emitted
by the induced radioisotopes [11, 12].
Therefore, a validation of a method enabling the
determination of neutron fluence rate or at least
the identification of the neutron field is a significant
challenge. The present work’s goal was to respond
to this challenge. Our purpose was to present
a method of determination of the slow-neutron flu-
ence rate (from thermal energies up to 1 eV), basing
on a gamma-ray spectroscopy using a HPGe and
Monte Carlo calculations.
2. Materials and methods
The used method was based on a gamma-ray
spectroscopy to measure prompt γ rays with en-
ergies of 595.9, 867.9, and 1204.2 keV, originating
from the nuclear reaction 73Ge(n, γ)74Ge induced
by neutrons in the germanium crystal of a HPGe
detector. This reaction is characterized by a rela-
tively high thermal neutron cross-section of 14.4 b
and by three resonances of over 1000 b and sev-
eral ones of over 100 b in the energy range from
0.1 keV to 1 eV [13]. Appearance of the peaks at the
three mentioned energies in the gamma-ray spec-
trum confirms a presence of a slow-neutron field in
a measuring location.
A special set composed of a HPGe detector and
an InSpector1000 detection system by Canberra,
a lead shield to reduce a photon background in the
measuring location and two neutron sources (252Cf,
Pu-Be) inside the shielding containers (see Fig. 1)
were used in the experimental part of this work.
The InSpector1000 detection system consisting of
the NaI(Tl) scintillation detector and the 8 cm long
helium chamber with a gas pressure of 2 atm was
applied for the test of effectiveness of the lead shield.
The HPGe detector was connected to a multichan-
nel analyzer installed in a laptop and operated by
the Genie 2000 software.
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Fig. 1. View of the used experimental setup.
The net area of the peaks at 595.9, 867.9, and
1204.2 keV can be related to the fluence rate of
slow neutrons in the measuring location. The de-
pendence between the measured number of counts
in the net area of the peak per second dN/dt and
the slow-neutron fluence rate dφ/dt was obtained
using the Monte Carlo calculations. It can be de-






The energy spectrum of slow neutrons always has
the same shape. The slow-neutron energy is dis-
tributed according to the Maxwell–Boltzmann dis-
tribution law. Therefore, it is easy to separate the
slow-neutron contribution from the full spectrum
and to define φ as the sum of all slow neutrons
reaching the germanium crystal per unit time, nor-










where dφ(E)/dt is the fluence rate of slow neutrons
with energy E. The integration limits are deter-
mined by the energy range in which the reaction
73Ge(n, γ)74Ge occurs. The Monte Carlo calcula-
tions based on the GEANT4 code with high preci-
sion models of neutron interactions using the ENDF
cross-sections were applied to determine the slow-
neutron fluence rate in the measuring location for
the applied experimental setup.
The so determined factor C can be used for mea-
surements of the slow-neutron fluence rate in an-
other location where an unknown slow-neutron field







where dφ′/dt and dN ′/dt are, respectively, the
slow-neutron fluence rate and the measured num-
ber of counts in the net area of the peak at 595.9,
867.9, or 1204.2 keV per second in any measurement
location.
3. Results
A series of measurements of gamma-ray spectra
were made in the vicinity of two neutron sources
252Cf and Pu-Be, as shown in Fig. 1. The repre-
sentative spectrum for the experimental session is
shown in Fig. 2. This spectrum was divided into
energy ranges important for the presented method.
The net areas for the selected peaks (see Table I)
were estimated with the Genie 2000 program used
for controlling the germanium detector.
The spectrum of slow neutrons calculated us-
ing the Monte Carlo Geant4 code [14] is presented
in Fig. 3. The domination of neutrons from 252Cf
is visible in the measuring location. The deter-
mined values of dφ/dt in the germanium crystal
of the used HPGe detector were 4.8 cm−2 s−1 and
0.8 cm−2 s−1 for the 252Cf and Pu-Be sources,
respectively.
Fig. 2. Fragments of the gamma-ray spectrum
with visible peaks at 595.9, 867.9, and 1204.2 keV.
In order to calculate the net areas N for the selected
peaks, a Gaussian fit was used after the background
cut-off. The time of the measurements was 30 h.
TABLE I
Net areas for the selected peaks related to 1 s and
values of the correlation factor C for the used HPGe
detector.
Energy [keV] dN/dt [s−1] C [cm−2]
595.9 0.0273± 0.0014 205± 11
867.9 0.0104± 0.0010 539± 53
1204.2 0.0020± 0.0015 2774± 2050
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Fig. 3. Spectra of neutrons getting to the germa-
nium crystal of the HPGe detector per second in
the measuring location (see also Fig. 1). Contri-
butions from the sources 252Cf and Pu-Be as well
as the total spectrum and the spectrum estimated
from the fitted function used for the calculation of
dφ/dt (see (2)) are presented.
The factor C, importantly, is characteristic of
each HPGe detector. In addition, it depends on
the detector efficiency, i.e., C does not change only
if the absolute efficiency of the detector is constant.
4. Discussion and conclusions
All the three peaks from the reaction
73Ge(n, γ)74Ge were visible in the measured
spectra. However, only the peaks at 595.9 keV and
at 867.9 keV are recommended to be used because of
the acceptable uncertainty of their net areas which
translates into the accuracy of the determination
of the slow-neutron fluence rate. The presented
method was prepared for the slow-neutron field
characterized by dφ/dt = 5.6 cm−2 s−1. This
proves that the developed method can be used
for weak slow-neutron fields, which, however, is
related to the relatively long measurement time of
the gamma-ray spectrum.
The undoubted advantage of the presented
method is the fact that the HPGe detector is now
often in the possession of radiation therapy centers
with possibilities of carrying out advanced numer-
ical calculations. The limitation of the method’s
application, however, is the required low level of
gamma radiation background. Therefore, in the
vicinity of strong gamma radiation sources, the de-
tector has to be shielded with a layer of lead or
an equivalent shielding material. The problem may
also be access to a neutron source needed to deter-
mine the correlation factor C.
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